Male rats exposed for 21 days to high altitude (4340 m) responded with arrest of gain weight and increased hematocrit and testosterone levels. High altitude significantly (58%) increased heart mitochondrial nitric oxide synthase (mtNOS) activity, whereas heart cytosolic eNOS and liver mtNOS were not affected. Western blot analysis found heart mitochondria reacting only with anti-iNOS antibodies, whereas the post mitochondrial fraction reacted with anti-iNOs and anti-eNOS antibodies. In vitro measured NOS activities allowed the estimation of cardiomyocite capacity for NO production, a value that increased from 57 (sea level) to 79 nmol NO/min.g heart (4340 m). The contribution of mtNOS to total cell NO production increased from 62 % (sea level) to 71 % (4340 m). Heart mtNOS activity showed a linear relationship with hematocrit and a biphasic quadratic association with estradiol and testosterone. Multivariate analysis showed that exposure to high altitude linearly associates with hematocrit and heart mtNOS activity, and that testosterone/estradiol ratio and heart weight were not linearly associated with mtNOS activity. We conclude that high altitude triggers a physiological adaptive response that upregulates heart mtNOS activity and is associated, in an opposed manner, with the serum levels of testosterone and estradiol.
INTRODUCTION
Exposure to high altitude constitutes a pathophysiological situation that results in both advantageous and disadvantageous effects for the health of humans and animals. Among the deleterious effects of the acute exposure, the high altitude pulmonary edema (14, 39) , is the predominant cause of death due to high-altitude illness (47) . Among the advantages of life at high altitude, there is a recognized cardioprotective effect observed after chronic exposure (32) and in natives at high altitude (28). Although many factors have been postulated to play roles in the cardioprotective effect of exposure to high altitude there is no evidence indicating which is the most important. Between these postulated factors, nitric oxide (NO) has been indicated as one of the main candidates to afford the cardioprotective effect of acclimatization to high altitude (32) . In fact, highlanders have increased levels of NO stable catabolites in blood (46) and L-arginine infusion at high altitude increases arterial O 2 saturation and in cases of acute mountain sickness (AMS) decreases AMS score (48) . Therefore, the adaptive mechanisms of the cardiovascular system seem to trigger the activation of NO synthesis in specific cells and tissues involved in the adaptation to high altitude. Moreover, subjects that are susceptible to high altitude pulmonary edema (HAPE) show decreased pulmonary NO levels during acute hypoxia when compared to HAPE-resistant subjects (14) and NO administration exerts beneficial effects at various stages of pulmonary hypertension (42) . These facts suggest that NO is involved in the process of acclimatization and adaptation to high altitude.
Nitric oxide is the first molecule that fulfills the requirement for a physiological modulator of respiration on the basis of its oxygen competitive inhibition of cytochrome oxidase activity (3, 12) ; it is produced in the tissues at a fair rate high enough to exhibit an inhibitory effect on cytochrome oxidase that extends the O 2 gradient into the tissues (45, 51) . Nitric oxide may exert its regulatory activities through the inhibition of respiration and respiration-associated functions and through intracellular signaling; this range of actions may afford the molecular mechanisms of acclimatization and adaptation to high altitude (31, 32, 53, 57 (13), and nitrative and nitrosative stress in inflammation (2) . Physiological roles for mtNOS have been postulated in cell signaling, mitochondrial pathology, aging, dystrophin deficiency, inflammation and cancer (17). Mitochondrial production of NO has been determined in heart, liver, brain, kidney, diaphragm and thymus (2, 10, 15, 19, 30, 35) and mRNA mtNOS transcripts were identified in heart, liver, brain, kidney, muscle, lung, testis, and spleen (21).
Chronic hypobaric hypoxia was observed to significantly increase mtNOS activity in the rat heart (53, 57), but there was no information about the exposure of mammals to high altitudes.
The present study has been designed to determine the mtNOS activity in heart and liver after exposure of male rats to high altitude and to relate the changes with hematocrit and serum testosterone and estradiol levels. Hematocrit. Hematocrit was determined by the micromethod using non-heparinized capillaries immediately after rat sacrifice rat and blood sample was centrifuged at 1000 g for 5 min.
METHODS

Animals
Serum testosterone and estradiol levels. Serum testosterone and estradiol levels were determined by RIA using Nitric oxide production. Nitric oxide production was measured by following spectrophotometrically at 577-591nm (Beckman DU 7400 diode array spectrophotometer) the oxidation of oxyhemoglobin to methemoglobin, at 37 °C (9). The reaction medium was 50 mM phosphate buffer (pH 7.4), 1 mM L-arginine, 1 mM CaCl 2 , 0.1 mM NADPH, 10 µM dithiothreitol, 2 µM superoxide dismutase (SOD), 0.1 µM catalase, and 30 µM oxyhemoglobin heme. Nitric oxide production was determined in heart and liver submitochondrial membranes and in heart post-mitochondrial supernatant at 0.72 -1.25 mg protein/ml.
Western blotting. The proteins of mitochondrial membranes and the post-mitochondrial supernatant, 0.1 mg protein each, were separated by SDS-PAGE (7.5 %), blotted into nitrocellulose films and probed with 1/500 diluted rabbit polyclonal anti-iNOS, anti-eNOS and anti-nNOS antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and with a secondary anti-rabbit antibody conjugated with horseradish peroxidase and revealed by chemiluminescence (15, 35) .
Data analysis and statistics. Data are reported as mean ± SEM. ANOVA was used where applicable to compare between groups. Single linear and non linear regression analysis and multiple regression analysis were performed to determine relationships between variables. A P value of P0.05 was considered statistically and biologically significant.
RESULTS
Body and organ weights. The normal process of weight gain observed in rats at sea level was totally abrogated in the first week, in the phase of acute stress, and markedly reduced, by 75 % and by 60 %, in the second phase of the two following weeks, in agreement with the known anorexic effects of hypoxia (Table 1) . Heart and liver weight decreased during the first week of exposure to high altitude, and increased thereafter, in a second phase up to 21 days (Table 2) in which the organs increased weight; heart by 27 % and liver by 46 %, with linear correlations between days of exposure to high altitude and organ weight (heart weight = 1+ 0.019 days of exposure, r = 0.86, P = 0.001; and liver weight = 1 + 0.033 days of exposure, r = 0.82, P = 0. 001).
Hematocrit. Hematocrit was significantly higher at high altitude than at sea level (day 0) at all time points, with a time-dependent rate of increase that was highest in the first week of exposure to high altitude (Table 3) .
Serum sex hormone levels. Serum testosterone levels were significantly increased at day 14 of exposure to high altitude, whereas values at days 7 and 21 were similar to those at sea level (day 0) ( Table 3 ). The biphasic behavior may reflect the involved complex regulatory mechanisms. Serum estradiol levels were not significantly modified by exposure to high altitude (Table 3) , with a slight (10 %) decrease after one wk at high altitude. The testosterone/estradiol ratio was increased during the first two weeks of exposure to high altitude, driven by the increased testosterone values and reflecting a different regulation for the two sexual hormones during adaptation to high altitude.
Heart and liver mtNOS activity of rats exposed to high altitude. Heart mtNOS activity was markedly and significantly increased after 7, 14 and 21 days of exposure to high altitude (Table 4) . At day 21, mtNOS activity was 58 % higher than at sea level (day 0). Control animals (sea level) showed unchanged values of heart mtNOS activity. The NO production of heart post-mitochondrial supernatant, calculated as heart cytosolic eNOS activity, was not affected by exposure to high altitude (Table 4) , which confers specificity to the hypoxiainduced up-regulation of heart mtNOS. Liver mtNOS activity was also not affected in the rats exposed to high altitude (Table 4) , which gives organ specificity to the observed increase in heart mtNOS activity. Table 4 ; and both indicate a high mitochondrial participation in the total heart NOS activity.
Western blots of mitochondria
Regression analysis. The data points corresponding to individual experimental animals were used for regression analysis. Estradiol and testosterone serum levels showed a biphasic quadratic regression with heart mtNOS activity. Serum estradiol levels from 12 to 17 pg/ml were associated with increased heart mtNOS activity, whereas estradiol levels over 18 pg/ml were associated to a reduced heart mtNOS activity (Fig. 2a) . In the case of serum testosterone, levels in the range of 40 to 100 ng/dl were associated with a decreased heart mtNOS activity and testosterone concentrations increased over 120 ng/dl were associated with an increased heart mtNOS activity (Fig. 2b) .
Linear regression analysis showed that heart mtNOS activity was linearly related to days of exposure (r = 0.59, P=0.001) and to hematocrit (r = 0.89, P=0.0001). Multivariate regression analysis showed that heart mtNOS activity, chosen as the determinant variable, was associated with days of exposure to 4340 m, with heart weight and with the testosterone/estradiol ratio (Table 5 ). Multivariate analysis also showed that days at 4340 m (RDISCUSSION Acute exposure to high altitude causes hyperventilation, higher heart rate, and high hemoglobin and hematocrit values as the primary physiological mechanisms of acclimatization (27). There is also an accompanying endocrine response: testosterone, that is able to increase erythropoiesis (36), increases in the plasma of male rats exposed to 4340 m altitude (26), whereas there is no information on the effects of high altitude on estradiol, that was reported to reduce erythropoiesis (41) . It is unknown how the changes in hematocrit, the cardiovascular system, the NOS activities, and sexual hormone serum levels are related during exposure to high altitude.
The arrest and reduction in body weight and the hematocrit increase, that constitute the basic biological response after exposure to environmental hypoxia (5, 43, 55), were observed after 7 days of exposure to high altitude indicating an effective acclimatization of the experimental animals.
The most salient observation of the present study is the marked (58 %) increase in heart mtNOS activity of rats exposed for 21 days to the high altitude of Cerro de Pasco (4340 m, 460 torr, 61.3 kPa). This up-regulation of heart mtNOS activity has a perfect correlation with hematocrit values, which suggests a common oxygen-dependent regulation for erythropoietin and heart mtNOS mediated by the hypoxia inducible transcription facto HIF-1 (49, 53) . Although it was reported that exposure to hypobaric hypoxia increased the activity of heart mtNOS (53, 57), the evidence presented here is the first indication that mtNOS plays a role in the natural condition of exposure, acclimatization and adaptation to high altitude. Rats submitted to chronic hypobaric hypoxia at 53.8 kPa air pressure for 2-18 mo and showed an increase of 20-60 % in heart mtNOS activity (53, 57) . Acute hypoxia (8 % oxygen, 30 min) was also reported as a cause for a marked (82 %) increase in liver mtNOS activity (33) ; however, in the present study, liver mtNOS was not affected by exposure to high altitude for 21 days.
The production of NO by mtNOS appears as a regulatory process that modulates mitochondrial and heart O 2 uptake (1, 3). Under physiological and pathophysiological conditions where heart perfusion and O 2 levels become limiting for ATP production and contractility, the NO-inhibited respiration lowers the steepness of the O 2 gradient in the normoxic/anoxic transition, allows O 2 to diffuse further along its gradient and extends the space of adequate tissue oxygenation away from the blood vessel (45, 51) . The NOsupplemented condition will be associated with more areas with high enough ATP levels to sustain an homogeneous and synchronic contraction of the myofibrils.
It has been recognized that mtNOS activity can be regulated by thyroid hormones and by angiotensin II. Down-regulation of liver mtNOS activities constitutes a substantial part of thyroid hormones effects on mitochondrial O 2 uptake (16) and down-regulation of liver and heart mtNOS by angiotensin II has been inferred from the effects of angiotensinconverting enzyme inhibitors (7). In addition, liver mtNOS is up-regulated in cold acclimatization (44), a fact that may have acted synergistically with high altitude in the rats used in this study, taking into account the relatively low temperature at Cerro de Pasco.
Increased heart NO production and NO steady state levels seem essential for the development of the cardioprotection (4, 32); increased mtNOS activity and NO levels are likely involved in the signaling and improved contractility described after exposure to environmental hypoxia (32, 57) . Rat left ventricle responded to the hypoxia induced by controlled ventilation with 10% oxygen with an increased expression of the mRNA of iNOS after 2 h of hypoxia (22) and increased left ventricle mtNOS activity was associated with a higher papillary muscle contractility in chronic hypoxic rats (57).
The total cardiomyocite capacity for NO production, calculated from the NO production rates measured with the subcellular fractions fully supplemented with the NOS substrates (Table 4) , increased from 57 nmol NO/min.g heart (sea level) to 79 nmol NO/min.g heart (4340 m) after high altitude exposure. These total capacities may constitute an overestimation of the in vivo rates, but they point out to the adaptive mechanism. The contribution of mtNOS to the total cardiomyocyte capacity for NO production also increased after high altitude exposure, from 62 % (sea level) to 71 % (4340 m).
The activity of cytosolic NOS, assayed in the post-mitochondrial supernatant, consisting of the eNOS activity of the caveolae of sarcoplasmic reticulum and plasma membranes, did not change after exposure to high altitude. The specificity of the mtNOS response to environmental hypoxia becomes interesting, considering the skepticism of the consideration of mtNOS activity as a contamination of mitochondria with other cellular NOS (11, 38) . The determination of mtNOS activity in a series of organs with similar specific activities, the sequencing of liver mtNOS (21), the different mtNOS activity in mitochondrial states 4 and 3 (56) , and the sensitivity of the enzyme activity to environmental hypoxia certainly point out to mtNOS as a biologically important component of the inner mitochondrial membrane.
Different effects of high altitude on NOS activities, as reported here for NOS heart and liver mtNOS, have been described. Chronic exposure of pregnant sheep to an altitude of 3820 m increased eNOS protein and mRNA levels in uterus endothelium but not in femoral and renal arteries (54) . Chronic hypoxia increased pulmonary eNOS protein (33) but decreased aortic eNOS (52) . The mechanisms of organ specificity of the NOS responses to high altitude are far from being understood. Vascular remodeling and hemodynamic changes in localized areas at high altitude were associated with upregulated NOS activities (54) . Increased NO tissue levels in highlanders would allow them to keep an adequate tissue perfusion and an effective O 2 supply in spite of the decreased O 2 partial pressure in the inhaled air (46) . High NO levels were observed in expired air during acute exposure to high altitude (14) and, interestingly, high-altitude pulmonary (14) and cerebral edema (20) were related to a reduced capacity for NO synthesis.
Cell and tissue NO homeostasis, in other words, NO steady state concentrations in cells and tissues, are attained through a complex balance between its production and consumption rates. Under hypoxic conditions, NO production by mtNOS will be biochemically limited by cell O 2 due to its high K M O 2 values, in the range of 37-73 µM O 2
(1). The increased hematocrit of animals exposed to high altitude may also increase NO catabolism by providing more hemoglobin perfusion to the tissues and a more efficient sink for NO.
The results presented here show that heart mtNOS activity is linearly related to hematocrit and that has a biphasic and quadratic relationship with serum estradiol and testosterone. Estradiol and testosterone plasma levels had opposed associations with heart mtNOS activity, similarly to the opposite effects of the sexual hormones in erythropoiesis and ventilation. Testosterone increases erythropoiesis and decreases ventilation (27, 36), whereas estradiol decreases erythropoiesis and increases ventilation (40 50).
Estradiol augments NO synthesis and attenuates the induction of erythropoietin in hypoxia (40, 41) , but it does did not induce eNOS synthase expression in the kidney in spite of the enhanced hypoxia-induced increases in plasma nitrates (40) , indicating estradiol organ-specific effects on NO metabolism. The present study shows that serum estradiol levels are not associated with heart mtNOS activity or hematocrit after high altitude exposure. Concerning testosterone and the testosterone/estradiol ratio, statistic multivariable analysis showed them associated with exposure to high altitude, hematocrit and heart mtNOS activity. The observed time-dependence profiles of the serum levels of the sex hormones and of the testosterone/estradiol ratio after high altitude exposure are different from the profiles of hematocrit and heart mtNOS activity in the same process and indicate that are subjected to different regulatory mechanisms.
In summary, the present study shows that heart mtNOS is up-regulated after exposure to high altitude for periods of 7 to 21 days. The effect is specific since heart eNOS and liver mtNOS were not affected in the same conditions. Simultaneously, lower body weight increase, higher hematocrit and higher serum testosterone/estradiol ratios were observed as part of the complex physiological acclimatization to high altitude. is 407.65 kU/g heart, corresponding 186.3 kU/heart to mtNOS (3.45 kU/mg protein × 54 mg mitochondrial protein/g heart; 46 % of total) and 221.5 kU/g heart to eNOS (2.33 kU/mg protein × 95 mg cytosolic protein/g heart; 54 % of total). Estradiol (pg/ml) Heart mtNOS (nmol NO/min. mg prot)
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